Abstract -The objective of this work was to evaluate the effect of pig slurry applications on the exchangeable Al content, activity, and distribution of Al chemical species in the soil solution. Soil samples of a Typic Hapludalf were obtained from an experiment conducted during eight years, with 19 applications of 0, 20, 40, and 80 m 3 ha -1 pig slurry. The soil samples were collected in stratified layers to determine exchangeable Al content and to extract the soil solution by the saturated soil paste method. The concentrations of the main cations and anions, dissolved organic carbon, and pH in the soil solution were determined. 
Introduction
Commercial pig farming in Brazil is characterized by confinement in all stages of production, concentrating a large number of animals in small areas, which generates large amounts of waste that need to be discarded. In Rio Grande do Sul, which is the second largest pig farming state in the country, an estimated 38,000 m 3 pig slurry (PS) is produced daily (Fepam, 2008) . This waste is mainly disposed of by the application in agricultural areas as a source of nutrients to crops (Lourenzi et al., 2013; De Conti et al., 2016) .
The application of manure or organic waste in agricultural areas modifies the availability of essential and non-essential elements by simultaneously adding numerous chemicals, including carbon. However, elements, such as aluminum, may be potentially toxic to plants, even at low concentrations (Vieira et al., 2009; Veiga et al., 2012) . Weathered soils of tropical and subtropical regions are naturally acidic and already have a high content of exchangeable Al, which may be toxic to plants, reducing crop growth and yield (Vieira et al., 2009; Alleoni et al., 2010; Rutkowska et al., 2015) .
The Al in the soil solution can be in the free form or forming complexes, ionic pairs, or chelates with ions or molecules of opposite valence, modifying its bioavailability and, consequently, phytotoxic potential (Nogueirol et al., 2015) . Al bioavailability depends on the present soluble chemical species, with reducing negative effect of Al monomeric species on the crop root system, as follows: Al 3+ > AlOH 2+ > Al(OH) 2 + > Al(OH) 3 0 > Al(OH) 4 -> Al(SO 4 ) + (Bloom & Erich, 1995; Rutkowska et al., 2015) . However, Al species complexed with fluoride, organic compounds, and phosphate are not considered harmful to living organisms (Nolla & Anghinoni, 2006; Nogueirol et al., 2015) .
The application of slurry may be useful for alleviating Al toxicity in acidic soils, due to the increase in soil pH and in nutrient availability, as well as to the formation of Al organic and inorganic complexes (Rutkowska et al., 2015) . Vieira et al. (2009) reported the decreased activity of toxic Al species in the soil solution of an acidic sandy soil with the application of organic compost.
Management practices that increase the concentration of soluble ligands and nutrients, such as liming and organic amendment, tend to reduce the percentage and activity of Al 3+ species in the soil solution, reducing its toxicity to plants. This is observed in soils under no-tillage, where the maintenance of organic residues increased the concentration of organic ligands in the topsoil, keeping available Al 3+ low, even in acidic conditions (Nolla & Anghinoni, 2006; Alleoni et al., 2010) . Therefore, the benefits of pig slurry application to crops cannot be restricted only to the increase in nutrient availability, also being related to the reduction in the availability of non-essential, potentially toxic elements, such as Al.
The objective of this work was to evaluate the effect of pig slurry applications on the exchangeable Al content, activity, and distribution of chemical species of Al in the soil solution.
Materials and Methods
The soil was obtained from an experiment conducted from 2000 to 2008 at Universidade Federal de Santa Maria, located in the municipality of Santa Maria, in the state of Rio Grande do Sul, Brazil (29º43'12"S, 53º43'4"W), in which pig slurry was applied 19 times during eight years. The experiment was carried out under no-tillage on a Argissolo Vermelho distrófico arênico (Santos et al., 2013) (Lourenzi et al., 2013) . The following crop sequences were grown: black oat (Avena strigosa Schreb.), corn (Zea mays L. The total concentrations of nitrogen, phosphorus, and potassium in the pig slurry were measured after digestion of 2.0-mL samples in natura with 2.0 mL H 2 SO 4 and 1.0 mL H 2 O 2 (Tedesco et al., 1995) . For determinations of total calcium, magnesium, copper, and zinc, the pig slurry was oven-dried at 65°C to a constant weight, in order to measure the dry matter (DM). Afterwards, 0.1 g was ground and digested in 3.0 mL HNO 3 plus 1.0 mL HClO 4 (Claessen, 1997) . The total organic carbon content of the pig slurry was obtained from sub-samples of finely ground DM using an elemental autoanalyzer FlashEA 1112 model (Thermo Finnigan Italia S.p.A., Rodano, Milan, Italy) . The amounts used in the 19 applications were determined based on the resulting concentrations of chemical elements and on the application rates of pig slurry, as shown in Table 1 .
In January 2008, seven months after the last pig slurry application, an undisturbed soil column was collected in each treatment replicate, totaling three columns per treatment. The soil was collected in polyvinyl chloride (PVC) tubes measuring 200 mm in diameter and 650 mm in length, coupled to a monolith sampler; the tubes were manually driven into the soil down to a depth of 0.6 m. Following the collection, the ends of the soil columns were covered with dark plastic and were stored at room temperature, in the same arrangement of the layers as in the field experiment. In April 2012, the soil columns were placed on benches in a greenhouse. Then, the moisture content was restored with 112 mL distilled water per kilogram of soil, using plastic drippers (intravenous catheters), in order to reach field capacity, which was maintained for 30 days. Therefore, it was possible to control the intensity of water supply, preventing the accumulation of water on soil surface, which could enhance preferential flow.
After 30 days in field capacity moisture, the PVC pipe was opened laterally and stratified soil was collected at 0.00-0.05, 0.05-0.10, 0.10-0.20, 0.20-0.30, 0.30-0.40, and 0.40-0.60 m. Soil samples were divided into two parts. The first was stored at 4ºC for subsequent extraction of the soil solution by the saturated soil paste method, adapted from the aqueous extract proposed by Wolt (1994) . In order to do so, 800 g soil were placed in a 1-L plastic container, to which Milli-Q water was added, with simultaneous disturbance until forming a thin film of water over the soil mass. The saturated soil remained at rest for 16 hours to achieve soil-solution balance and, then, it was placed in a Büchner funnel with qualitative filter paper with particle retention of 4-12 µm. The soil solution was extracted using a Kitassato suction flask attached to a funnel and a vacuum pump. The second portion of soil was air-dried, passed through a 2-mm mesh sieve, and reserved for the determination of exchangeable Al content.
In the extracted solution, an aliquot was removed to measure pH and the remainder was filtered at 0.45 μm. Then, the amount of dissolved organic carbon (DOC) was obtained by digestion with 0.4 N potassium dichromate at 60°C for 4 hours, with subsequent spectrophotometric procedure, at 560 nm, using the calibration curve prepared with glucose, as described by Silva & Bohnen (2001) . The total concentrations of Al, Ca, Mg, Cu, Zn, Mn, K, Fe, and P were measured using an inductively coupled plasma-atomic emission spectrometer (ICP model, PerkinElmer Inc., Waltham, MA, USA), and the concentrations of N, S, and Cl were obtained by ion chromatography S135 model (Sykam GmbH Systeme & Komponenten analytischer Meßtechnik, Eresing, Germany). Ion speciation in the soil solution was performed using the software Visual Minteq, version 2.15 (Gustafsson, 2012) , and Cl -), DOC, and pH, determined in the soil solution. The formation of metal complexes and DOC was assessed using the Gaussian dissolved organic matter (DOM) model (Grimm et al., 1991) . The formation of inorganic aqueous complexes was analyzed using equilibrium constants from the default Visual Minteq database developed by Smith et al. (2003) . The percentage distributions of Al species and Al 3+ activity in the soil solution were thereby calculated. Levels of exchangeable Al were determined by extraction with KCl 1.0 mol L -1 , followed by titration with NaOH 0.0125 mol L -1 , according to Tedesco et al. (1995) . The exchangeable contents and activity of Al 3+ in the soil solution are presented as means of three replicates, followed by their standard deviation, and in logarithmic form. The principal component analysis (PCA) was performed on the mean values of the depth intervals in the soil profile of each treatment replicate using the Canoco software, version 4.5 (Braak & Smilauer, 2002) . The variables used in the analysis 
Results and Discussion
Exchangeable Al was not affected by pig slurry doses, but its contents increased in layers below 0.30 m in all treatments (Figure 1) . The increase of exchangeable Al in depth is probably due to the type of soil evaluated (Hapludalf), characterized by an increase in clay content and oxides in depth caused by the presence of a textural horizon (Streck et al., 2008) .
The activity of Al 3+ (log Al 2-, and DOC in the soil solution without the addition of pig slurry, since the interactions between ions and organic molecules decrease ion activity in the soil solution, and because of the Ca, Mg, K, Cu, Zn, and P contents in the soil managed with pig slurry (Table 2 ). The elevated concentration of macronutrients, as well as of Cu and Zn, in the soil solution was due to the addition of these elements through pig slurry application (Table 1) in concentrations above the absorption capacity of the crops, increasing their contents in the soil and soil solution (Couto et al., 2015; De Conti et al., 2016) . Nolla & Anghinoni (2006) , in turn, found a decrease in Al 3+ activity in more acidic conditions, with the addition of P doses in columns of an Oxisol managed under no-tillage.
The activity of Al 3+ species indicates a low risk of toxicity for annual crops, because, at the 0.00-0.20-m layer of all treatments, where much of the root system of these crops is concentrated (Bortoluzzi et al., 2014) , Al 3+ activity was lower than the toxicity limits (10 -6 mol L -1 ) recommended by Kinraide (1997) for the root growth of most plants. Below the 0.20-m layer of soil, without the addition of pig slurry and with the application of 80 m 3 ha -1 pig slurry, the activity of Al 3+ in the soil solution was close to the toxicity limits for crop growth ( Figure  1 ), possibly due to low pH values ( Table 2) .
The Al 3+ chemical species that shows greatest phytotoxic potential (Alleoni et al., 2010) . (Rutkowska et al., 2015) . Even in acidic soils, such as the one analyzed in the present study, where high Al percentages are expected to be found in free form, low or moderate Al 3+ concentrations are usually observed in the solution of soils under no-tillage, while the complexes formed between Al, DOC, and inorganic anions represent the majority of Al species in the solution of topsoil layers (Alleoni et al., 2010) .
The species of Al complexed with DOC (Al-DOC) predominated in the soil solution of most layers without the application of pig slurry, representing up to 55% of the Al species in the 0.30-0.40 and 0.40-0.60-m layers (Figure 2) . When comparing the percentage of Al-DOC in the same layer between treatments, the highest rates were verified in soil without pig slurry application. This higher percentage of Al-DOC is due to the lower concentration of inorganic ligands, especially H 2 PO 4 -and SO 4 2-in the soil without pig slurry addition ( Table 2 ). The lower percentage of Al-DOC in the surface layers of the soil that received pig slurry applications, even with higher concentrations of DOC, indicates that Al has higher affinity for inorganic than organic ligands. However, the significant percentage of soluble Al complexed with organic compounds strengthen the importance of adopting agricultural practices that increase soil C, particularly in soils with low concentrations of inorganic ligands, in order to reduce the potential toxicity of Al. The addition of plant residues, the adoption of conservation systems such as no-tillage, and the application of organic and animal waste are agricultural practices that promote the increase of soil C (Zambrosi et al., 2007; Vieira et al., 2009; De Conti et al., 2016) . proportion of AlHPO 4 + was more significant with 40 and 80 m 3 ha -1 pig slurry. Increased AlHPO 4 + can be explained by the increase in the concentration of P in the solution of the surface layers of the soil that received pig slurry (Table 2 ). This is evidenced by the proximity of AlHPO 4 + and P in the PCA, indicating correlations between the variables (Figure 3) .
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The slight effect of pig slurry applications on the percentage of AlHPO 4 + in depth is due to the low mobility of P in the soil profile, under no-tillage and surface applications of pig slurry (De Conti et al., 2015) . High percentages of AlHPO 4 + in the 0.00-0.05-m layer and a decrease in depth were also observed by Zambrosi et al. (2007) in an Oxisol under no-tillage subjected to gypsum application. Evaluating the effect of different + may reduce the risk of Al toxicity to plants by reducing the proportion of Al +3 species, but also reduces the availability of P to plants in the form of orthophosphate (Marschner, 2011) . Therefore, high Al concentrations may hinder plant development, not only directly by toxicity, but also indirectly by decreasing the availability of elements such as P.
There was an increase in AlSO , respectively (Figure 2 ). The highest percentage of AlSO 4 + can be attributed to the increase in the concentration of SO 4 2-in most of the layers of the soil that received pig slurry ( Table 2) . The correlation between the concentration of SO 4 2-and the AlSO 4 + species is evidenced in the proximity of the two variables in the PCA (Figure 3) . Five years after the application of gypsum in a dystrophic clayey Rhodic Hapludox under no-tillage, Zambrosi et al. (2007) (Figure 2 ). The reduction in the percentage of these Al species indicates lower risk of toxicity in soils that received pig slurry, especially in higher doses. After Al 3+ , the AlOH 2+ and Al(OH) 2 + species are more harmful to the plant root system (Bloom & Erich, 1995) . A higher percentage of the Al(OH) 3(aq) species was observed in the 0.00-0.05-m soil layer without pig slurry addition, which represented 10.8% of the Al in the soil solution, possibly due to the high pH value in this layer ( Table 2 ). The percentages of hydroxylated species of Al in the solution are strongly affected by pH, as shown in the correlation between the hydroxylated Al species and the pH in the PCA. Rutkowska et al. (2015) , were found in small percentages.
The distribution of scores by the PCA, in each group along factor 1, which accounts for most of the data variability (63.44%), is related to the dose of pig slurry, separating the 80 m 3 ha -1 dose from the 20 m 3 ha -1 dose and the soil without pig slurry addition (Figure 3) . The species AlHPO 4 + and AlSO 4 + were the ones that most contributed to separating the 80 m 3 ha -1 dose. Conversely, the hydroxylated species (Al-OH), correlated with the pH of the soil solution, were the variables with the greatest contributions to the group formed by the soil without pig slurry application and with the dose of 20 m 3 ha -1
. The increase in the percentage of the Al-OH species with the increase in the dose of limestone was observed by Alleoni et al. (2010) on a Rhodic Haplustox in the Midwestern region of Brazil.
The decrease in the percentages of the potentially toxic Al species AlOH 2+ and Al(OH) 2 + and the increase of species complexed with inorganic ligands in the soil solution with the application of pig slurry indicate a possible reduction in the phytotoxicity of Al and a lower response of the crops to liming in areas with a history of pig slurry applications, as significant amounts of Ca and Mg were also added (Table 1) .
Conclusions
1. The application of pig slurry does not change the exchangeable Al content in the soil and Al 3+ activity in the soil solution.
2. The low Al 3+ activity in the topsoil layers does not present risk of toxicity for most crops.
3. Pig slurry applications increase the proportion of the AlHPO 4 + and AlSO 4 + species in the soil solution, by increasing the concentration of soluble inorganic ligands.
